Background One of the key difficulties while managing concussion in sport is that there are few prognostic factors to reliably predict clinical outcome. The aims of the current paper are to review the evidence for concussion modifiers and to consider how the evaluation and management of concussion may differ in specific groups.
Introduction
Concussion in sport reflects a disturbance of brain function and is characterised by a set of clinical features that typically come on rapidly and resolve spontaneously over a sequential course. [1] [2] [3] While the time course of recovery is variable, evidence suggests that the majority of concussed athletes recover clinically within 10 days of injury. [1] [2] [3] Concussion, however, is not a benign injury. A small percentage of athletes suffer complications such as persistent symptoms and in rare instances of concussion in children and adolescents, malignant cerebral oedema may result.
1-3 Furthermore, there is growing concern regarding an association between repeated head trauma and long-term risk of depression and/or dementia.
4-7
One of the key difficulties for the clinician is the absence of prognostic factors to help predict outcomes following a concussion. [1] [2] [3] At the Third International Conference on Concussion in Sport, a number of clinical features or 'modifiers' were identified as being associated with an increased risk of prolonged recovery or complications following a concussion (table 1) , 3, 8 Other factors, such as female gender and genetics were considered; however, it was decided that there was insufficient evidence for their inclusion as modifiers. The objectives of the current report are to review the evidence for concussion modifiers, and to consider how the evaluation and management of concussion may differ in specific groups (particularly children and adolescents, male vs female athletes and elite vs non-elite athletes).
Methods
Searches of MEDLINE (ISI Web of Science, PubMed) and SportDiscus databases were undertaken using keywords 'concussion', 'mild traumatic brain injury', 'head injury', 'sport' or 'athlete/athletic'.
These were combined with the following key words to identify the literature for specific modifiers as well as key aspects of investigation and management: 'clinical features', 'symptoms', 'post-concussion syndrome', 'balance', 'postural control', 'cognition', 'cognitive deficit', 'persistent', 'neuropsychological', 'neurocognitive', 'prognostic factors', 'recurrence', 'cumulative effect', 'injury severity', 'genetic', 'child', 'children', 'pediatric', 'elite', 'non-elite', 'professional', 'recreational' and 'epidemiology'.
The search was limited to English language and focused on original papers published in the past 10 years. Articles on moderate to severe traumatic brain injury (TBI) were excluded. Reference lists from retrieved articles were searched for additional articles, and the authors' own collections of articles were included in the search strategy.
Results

Clinical features
Symptoms
There is consistent evidence of a relationship between the number and severity of symptoms reported following a concussion and the overall severity of injury. Studies have used different populations (including Australian football players -9,10 professional American football players
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and US high school and collegiate athletes [11] [12] [13] [14] , different measures of injury severity (including return to play on the day of injury 9 and time to clinical recovery 10, 12, 13 or stratified populations based on time-course of clinical recovery and compared their initial presentation.
11, 14 The consistent finding is that the higher the number and severity of symptoms at the time of injury, the higher the severity of concussion. In addition, athletes reporting four or more symptoms appear to be more likely to have a prolonged recovery.
Other clinical features that have been associated with prolonged recovery include amnesia, 11, [15] [16] [17] prolonged headache, 10, [16] [17] [18] fatigue or fogginess, 10, 11, 17, 19 self-reported cognitive or memory problems 11, 13, 20 and dizziness at the time of injury.
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Overall, research suggests that the nature, burden and duration of symptoms should be retained as concussion modifiers.
Loss of consciousness
Traditionally, LOC was a clinical marker for higher injury severity in TBI. -22 Prospective cohort studies on concussion in sport, however, have consistently demonstrated that brief LOC does not reflect injury severity or predict time to clinical recovery. 10, 15, 21, 23 One study however demonstrated that concussed players with prolonged LOC (>1 min) were more likely to miss 7 or more days of sport. 11 No other studies have been published on prolonged LOC.
The literature does not support the inclusion of brief LOC as a concussion modifier. Caution should be used in cases of concussion with prolonged LOC; however, further research is still required.
Impact seizures
In a large-scale retrospective series in Australian football, impact seizures were demonstrated to be benign with no adverse clinical, cognitive or neuroimaging outcomes observed either at the time of injury or long-term follow-up. 24 No new studies have been published on outcome following impact seizures since that time.
The literature does not support the inclusion of impact seizures as a concussion modifier. In athletes with prolonged seizures (ie, >1 min); however, other causes (eg, structural head injury or underlying seizure disorders) should be considered.
Biomechanics of injury
There has been increasing use of helmet and/or mouthguard-based accelerometer systems to measure the direction and force of head impacts. The studies have not shown any association between number of head impacts and risk of concussion, 25 nor has there been an association demonstrated between the magnitude of the impacts and probability or severity of concussion.
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Currently, there is little evidence to support the use of telemetry systems in routine clinical practice beyond their role as a research tool.
Concussion history
Concussion history and malignant cerebral oedema
Malignant cerebral oedema following head injury is a rare but well-recognised condition. 27 It is more common in children than in adults and typically has a poor outcome. 27 Although the condition (previously called 'second impact syndrome') has been linked to recurrent head trauma, the scientific evidence to support this concept is limited.
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Concussion history and risk of acute concussion
A number of studies have consistently demonstrated that a previous concussion is a risk factor for future concussion.
29-33
While it has been proposed that a previous head trauma reduces the threshold for future concussions, there is little evidence to support this concept. In one study, the majority of repeat concussions were observed within 10 days of an initial injury, suggesting a possible 'window of vulnerability' for further concussion. 31 This finding has not been replicated in other prospective cohort studies, with no obvious pattern demonstrated in the incidence or timing of repeat concussions. 10, 34 Furthermore, in a head impact telemetry study of 95 high school football players, neither the volume nor the intensity of subconcussive head impacts was found to influence the threshold for concussion. 35 Style of play may be an important confounding variable, where by tackling technique and illegal tackles may be important risk factors for head injury. 
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Concussion history and timing of recovery following a concussion
A number of prospective studies have assessed the relationship between concussion history and delayed recovery (summarised in table 2).
In general, athletes with a previous history of concussion are more likely to present with a longer duration of symptoms and are withdrawn from competition for longer following their injury.
There is limited evidence to suggest that the timing or 'recency' of injury makes any difference to timeframe of recovery following a concussion. 36 There is also limited evidence to suggest longer timeframes of recovery for each subsequent concussion.
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Concussion history and long-term deficits
Many of the early studies on long-term deficits following a concussion were cross-sectional in design and used performance on cognitive testing to estimate impairment. Major limitations included a reliance on retrospective recall of concussion history, which is known to be inaccurate and unreliable, 37, 38 and failure to account for important variables that can impact cognitive performance, such as age, education, alcohol use and other socioeconomic factors.
39 Not surprisingly, the results of these studies were conflicting regarding the effect of repetitive head injury on brain function, with some studies demonstrating impaired cognitive performance in athletes reporting a history of two or more concussive injuries, 40 and others failing to demonstrate any significant effects of self-reported concussion history on cognitive performance.
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Higher-quality studies using prospective designs and/or medically verified concussions have been published in recent years. These are summarised in table 3. The relationship between repeated head trauma and long-term deficits remains unclear. More sophisticated investigations such as EEG, functional MRI (fMRI) and balance assessments demonstrate persistent changes in some individuals after concussion. At present, the clinical significance of these changes remains unclear. Nevertheless, in the clinical setting it is prudent to adopt a conservative approach in the management of athletes involved in sports with a high risk of recurrent head trauma or those who present with recurrent concussions.
Genetics
Preliminary studies suggest an association between Apolipoprotein epsilon (APOE) genotype and the chronic effects of concussion on brain function. Jordan et al 42 demonstrated greater neurological impairment secondary to boxing among high-exposure athletes (≥12 bouts) who possessed the APOE4 allele compared to high exposure athletes without the allele and lowexposure boxers regardless of genotype. Similarly, Kutner et al 43 demonstrated that professional American football players with at least one copy of the APOE4 allele scored lower on tests of attention and information processing speed and accuracy. In a neuropathological study of athletes with Chronic Traumatic Encephalopathy (CTE), an increased frequency of the APOE4 allele was noted among 10 cases of pathologically confirmed CTE. 6 Recently, a large case series did not find a definite relationship between APOE genotype and lesser grades of CTE; however, a higher incidence of APOE4 genotype was noted in higher grades.
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While there may be a relationship between APOE genotype and chronic changes following concussion, the role of APOE in acute concussion is less clear. A prospective cohort study of collegiate athletes failed to demonstrate an association between APOE genotype and risk of concussion. 45 Conversely, other studies have demonstrated an association between APOE promoter genotypes and history of self-reported concussion. 46, 47 In one study carriers of all three rare (or minor) alleles were 10 times more likely to report a previous concussion.
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A large multicentre prospective cohort study of 3218 collegiate or high school athletes failed to demonstrate an association between acute concussion risk and APOE and APOE promoter polymorphisms. 48 However, in a subset of 131 concussed athletes, an association between neuropsychological testing and genetic polymorphisms was identified.
Overall, more research is required to determine the genetic risks of concussion and the role of specific genes in neurocognitive recovery in both acute and chronic TBI.
Age
It has been suggested that the impact force required to produce a concussion is greater in children than adults. The poorly developed cervical musculature, in combination with the increased head to neck ratio in children, results in greater injury to the child's brain for the same impact force. 49, 50 Recovery from concussion in children generally takes longer than that in adults. This is evident in time taken for symptom resolution, as well as neurocognitive recovery.
51-54
Management considerations in children
Children differ from adults in a number of ways, including: (1) physiological and cognitive development, (2) impact forces and protective abilities, (3) physical and cognitive recovery, (4) effects on school and learning and (5) potential for long-term sequelae (including malignant cerebral oedema). Furthermore, concussion in children typically occurs in a community rather than in an elite setting, where resources and expertise may be limited.
Assessment tools in children and adolescents
There are limited data on clinical assessment tools in children and adolescents with concussion.
Many symptom scales have been developed for use in adults, but few have been developed specifically for children. 55, 56 Some symptom scales have been used in children to assist with the diagnosis of concussion, 57 while others have been tested as markers of persistence of symptoms, [58] [59] [60] [61] [62] or to monitor stages of recovery.
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The Balance Error Scoring System has limited data in young children. No validity studies have been published and reliability studies in children aged between 9 and 14 years demonstrate a significant learning effect with repeated exposure, and variability in results between the different leg stances.
64,65
The Standardised Assessment of Concussion (SAC), [64] [65] [66] Acute Concussion Evaluation 67 and Sport Concussion Assessment Tool 2 (SCAT2) 68, 69 have all been used, but none has been specifically developed for the assessment of young children at the sideline, nor have they been adequately evaluated for use in children.
Return to learn
Return to school should be a priority for children and adolescents following a concussion. Return to learn should precede return to play.
There are no clear guidelines for return to school for youths who have sustained a concussion, although this is an area of increasing interest. A temporary absence from school after a concussion may be necessary to allow symptoms to abate. 70, 71 Once symptoms have decreased and the child is able to complete more cognitive tasks without exacerbation of symptoms, a gradual return to school is advocated. [70] [71] [72] [73] Specific accommodations, or modifications, to a patient's academic schedule may be required (eg, attending for only half-days or for only certain classes). Accommodations should be individualised, depending on the symptoms or difficulties that the youth is experiencing (eg, frequent breaks in class and extra time for assignments for those having trouble concentrating). 72, 73 As with many aspects of medicine, transitioning students recovering from a concussion back to school is best achieved with a team approach.
72,73
Return to play It is recommended that return to play protocols be cautious and individualised in paediatric athletes, 1, 70, 71, 74 as younger athletes take longer to recover and have more significant neurocognitive effects following a concussion.
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Gender differences
Data suggest that in sports that use the same rules, the reported incidence of concussion is greater in females than their male counterparts. [76] [77] [78] [79] [80] In studies of high school and college sports, women had significantly higher concussion rates than men in soccer and basketball, 76, 79 whereas concussion risks between genders were not significant in lacrosse, softball/baseball or gymnastics. 79 In addition, there appear to be differences in how women experience concussive symptoms as well as how long symptoms persist compared with men.
79-84
It is unclear why these gender differences occur. They may be owing to reporting and selection bias, with women and/or healthcare providers more likely to report injury. In addition, female athletes have been shown to have decreased head-neck segment mass compared with male athletes 85 and this may contribute to greater angular acceleration of the head after concussive impact as a mechanism for more severe injury. Oestrogen and differential cerebral blood flow may also play a role in influencing concussion severity and outcome. 86, 87 The data thus far are inconclusive, and further study is needed to understand if gender is a risk factor for concussion.
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In addition, other differences may exist in how females experience and respond to concussion, in the deficits that are seen with comprehensive neurobehavioral assessments, and in the return-toplay progression. 81, 83, 84, 89, 90 Whether there are differences in the chronic responses to concussive injury in women compared with men is unclear. One study found slower reaction times, more symptoms, and lower neurocognitive scores among female athletes compared with male athletes. 81 In another study involving 260 youth, high school and collegiate athletes, chronic impairments were more frequently reported in adult females but not in female minors. 90 In a study of high school and collegiate athletes, women with a history of 2-3 concussions performed better in the ImPACT test battery than males with ≥2 concussions, with specific differences observed in visual memory, motor-processing speed and reaction time. 89 These limited studies are inconclusive, and make it clear that additional research is needed.
Elite versus non-elite
In distinguishing elite versus non-elite athletes' management, it is more important to consider the level of care provided to the athlete. 91 In general, elite athletes have greater resources available to them, such as trained medical providers and the availability of neuropsychological and postural stability testing that allow for a more multifaceted approach to management. 91 In the absence of resources to assess recovery following a concussion, the same basic concussion management principles should apply, but a more conservative approach be adopted, no matter what the level of the athlete.
Reducing the risk of concussion
Suggestions that tackling in youth collision sport be outlawed 92 are likely to be effective in decreasing concussion incidence but will alter the fabric of collision sports too significantly to allow for widespread acceptance. More pragmatic law changes to collision sports may significantly influence injury incidence at both elite and non-elite levels. Examples include strict enforcement of below-shoulder height tackling and forbidding tip or spear tackles in rugby union, 93 head-to-head and head-to-body contacts in American Football [94] [95] [96] and body checking in youth ice hockey.
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Concussion awareness among sportspersons and medical professionals
Evidence across a number of sports including rugby union, 98 ice hockey 99 and soccer 100 indicates that athletes' understanding of concussion is poor. Moreover, non-elite athletes may present to emergency rooms and family practitioners who may not be as well informed as sports physicians and neurologists regarding the most appropriate assessment tools and management strategies for concussion. 91 In addition, the SCAT2 has been described as being incomplete for the serial office assessment of concussed athletes and better tools, which could be made available to a wider range of practitioners, have been proposed. 101 An emphasis on efficient dissemination and implementation of concussion consensus protocols, within and beyond the elite circle of sports care, would help address the issue of accessibility to appropriate care for all.
Summary and conclusions
In adults, the majority of concussions resolve clinically within 10 days of injury. The current study reviewed the literature regarding clinical factors associated with prolonged recovery or poor outcome.
Concussion modifiers-an update
The current literature supports the role of a number of clinical factors as concussion modifiers. These include number and severity of symptoms, previous concussions and younger age. It is important to note that, while an association has been demonstrated between the modifiers and risk of poor outcome following concussion, in many cases (eg, recurrent head trauma) a causal link has not been clearly established. Nevertheless, presence of any of these modifiers should alert the clinician to the potential for prolonged recovery and/or long-term complications.
Brief LOC and/or impact seizures cannot be relied upon to predict the outcome following a concussion. In athletes with prolonged LOC or impact seizures (ie, >1 min), a cautious approach to management should be followed and structural head injury or underlying seizure disorders should be considered.
Currently, there are insufficient data on the role of genetics and gender on the outcome following concussion.
Age
Children generally take longer to recover from concussions and therefore should be managed more conservatively.
The development of the child's brain and the associated physical growth, especially between the ages 5 and 15 years, 102 necessitate a specialised approach to concussion management. Assessment tools need to be developed and validated for the paediatric group. Such tools need to allow for cognitive and physical development. Symptom scales must include language that is understood by young children. The addition of parent or teacher reports of symptoms can be integrated into recovery and return-to-play decision-making. Cognitive tests must be developmentally appropriate, and demonstrate validated changes to concussion and recovery. Physical tasks such as balance testing, must be reliably performed by normal children to demonstrate impaired response in concussion, which can be corrected with recovery.
Finally, unlike the adult concussion protocols that assume a primary endpoint of return to play, the child protocol must assume a primary endpoint of return to school. Management of symptoms that impact on the child's ability to learn in school requires a cooperative approach between the child, parents, teachers and medical staff.
Elite versus non-elite
In all athletes with concussion there should be an evidence-based 'gold-standard' of care as determined by international consensus. In cases with limited resources, a more conservative approach is warranted. Overall, there should be an emphasis on education at all levels of competition, particularly in junior and community-based competitions, where personnel with expertise in concussion and resources for assessment and evaluation of concussion may be limited.
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